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a b s t r a c t

Hydraulic fracturing is a critical technology for the economic development of unconventional oil and gas
reservoirs. The main factor influencing fracture propping and reservoir stimulation effect is proppant
performance. The increasing depth of fractured oil and gas reservoirs is causing growing difficulty in
hydraulic fracturing. Moreover, the migration of conventional proppants within the fracture is always
limited due to small fracture width and rigid proppant structure. Thus, proppants with good trans-
portation capacity and fracture propping effects are needed. First, a novel self-generated proppant based
on toughened low-viscosity and low-density epoxy resin was developed to satisfy this demand. Then,
proppant performances were evaluated. Low-viscosity and low-density epoxy resin was generated when
the thiol-ene click chemical reaction product of eugenol and 1-thioglycerol reacts with the epichloro-
hydrin. Then, the resin was toughened with graphite particles to increase its compressive strength from
50.8 to 72.1 MPa based on micro-cracking mechanism and crazing-nail anchor mechanism. The adduct of
diethylene triamine and butyl glycidyl ether and the SiO2 nanoparticles were treated as the curing agent
and emulsifier respectively to form the emulsion. The emulsion is transformed into solid particles of
various sizes within a reservoir to prop the fracture. Evaluation shows good migration capacity of this
self-generated proppant due to the low density of epoxy resin.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Hydraulic fracturing has been extensively used in oil and gas
reservoirs to stimulate wells and enhance oil and gas recovery. In
fracturing, the proppants are injected into the reservoir to prevent
fracture closure under in-situ stress and to create fracture con-
ductivity (Guo et al., 2018). Currently, solid proppants such as
quartz sand and ceramsite are applied in hydraulic fracturing.
Those proppants have high density and are carried by high viscosity
liquids, and their applications havemany limitations. High viscosity
liquids are usually achieved by adding thickening agent. Never-
theless, the thickening agent is always detained in the reservoir and
causes damage to fracture conductivity (Liu et al., 2018). Then, high
viscosity of the sand-carrier also leads to high flow resistance
quzhq@upc.edu.cn (Z.-Q. Qu).
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within the pipeline, wellbore and fractures, increasing the sand-
carrier injection difficulty. The high density of the solid proppant
causes poor migration and fracture propping, especially in
branched fractures and micro-fractures, and sand plugs tends to
occur. This causes ineffective far-end reservoir stimulation and re-
duces recovery rate of oil and gas (Zhang C., et al., 2019). Injection of
solid proppants also causes wear on the pipeline and wellbore, and
injection of a large volume of proppants at a high rate and pump
pressure proposes high requirements on the wellhead, fracturing
equipment and pipe string (Guo et al., 2017). Currently, fractures
are propped through staged proppant placement. The far-end and
branched fractures are propped by small-sized particles, and major
fractures and near-wellbore fractures by large-sized particles.
Nevertheless, staged proppant placement cannot always work
within small-width fractures created in deep and hard formations.
Therefore, a self-generated proppant was developed, and its per-
formances were evaluated (Jiang et al., 2019).

Given the performance defects of conventional solid proppants
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Fig. 1. Reaction formula of the low-density and low-viscosity epoxy resin.
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mentioned in the previous paragraph, this self-generated proppant
that can be injected into the reservoir in the liquid phase has
become the main development direction of the propping material.
There are three types of self-generated proppants: small molecular
gels, supramolecular polymers, and emulsified thermosetting
epoxy resins. Small molecule gels refer to organic molecules with a
molecular weight below 2000 that directly form structures with
strength through non-covalent interaction between molecules
when they are stimulated by the outside world. Supramolecular gel
is a three-dimensional structure that is further entangled under the
stimulation of external factors after the gelation of small molecules
through non-covalent interaction. Emulsified thermosetting epoxy
resins is an oil-in-water emulsion prepared by mixing the ther-
mosetting epoxy resin with its curing agent and emulsifying them.
The resin and curing agent in the droplets are cured under stimu-
lation of reservoir temperature to obtain proppants with different
particle sizes (Pei et al., 2021). Through literature research, the
properties of the three kinds of self-generated proppants were
analyzed. A novel self-propping fracturing fluid system was
developed base on the gelatinization of the small molecule gel after
heating. The phase change liquid (PCL) is carried by the non-phase
change liquid (NPCL), injected into the reservoir, and transformed
into solid particles in the reservoir above 85 �C. The generated
particles have low density and high compressive strength, and
particle size ranges from 20/40 mesh to 40/70 mesh and cannot be
changed during the transformation process. Small molecule gels
have leak-off in hyperpermeable reservoirs (Zhao et al., 2019).
Phase change proppants, applicable in a reservoir temperature of
60e90 �C, were developed through liquid-solid phase change of
supramolecular materials with increasing temperature. The effect
of proppant generation in the reservoir environment was evalu-
ated. Particles formed in the flowing state have uniform and
smaller sizes, and those formed in the static state have larger and
irregular sizes (Luo et al., 2019). One kind of self-generated prop-
pant based on bisphenol-A epoxy resin is obtained with an emul-
sification method in the laboratory. Proppant sizes are mainly
distributed in 30e50 mesh, and the proppants have good
compressive strength and sphericity (Wang, 2020).

The morphology and particle size uniformity of proppant par-
ticles affect their performance. Therefore, the three kinds of self-
generated proppants were optimized. The formation process of
the self-generated proppant based on small molecule gels is un-
controllable, resulting in poor morphology uniformity of the ob-
tained proppant particles. At the same time, when small molecular
gels are used in a reservoir with high permeability, their effect re-
duces due to leak-off. The particle sizes of self-generated proppants
based on supramolecular materials are uniform under stirring
conditions, but the proppants particles obtained in the static state
are larger and less uniform. Since the self-generated proppant is
formed during standing after migrating into the reservoir, the ob-
tained self-generated proppants based on supramolecular mate-
rials cannot meet the needs of efficient development. With mature
emulsification technology, emulsion droplets usually have
extremely high sphericity, and droplet sizes are controllable and
can be changed by optimizing the emulsification process (Anton
et al., 2008). Therefore, the emulsified thermosetting epoxy resin
was selected to prepare self-generated proppants in this paper.
Through investigation and preliminary evaluation experiments, it
was found the high viscosity and high density of the epoxy resin
make emulsion droplets prone to accumulation due to settlement
during the transportation process. Accumulation can cause particle
deformation, and droplets in the accumulation state are prone to
coalesce between particles due to the increase of viscosity during
the curing process. The poor toughness and notch-sensitive defects
of epoxy resin can also decrease the compressive strength of the
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obtained proppant particles (Zhang W., et al., 2019). In this study, a
novel emulsified epoxy resin was used to develop self-generated
proppants. First, low-viscosity and low-density epoxy resin was
synthesized with monomers eugenol, epichlorohydrin and thio-
glycerol, eliminating poor emulsion migration and easy accumu-
lation of particles (Ohki, 2010). Then, the generated epoxy resinwas
toughened to enhance the compressive strength of proppant par-
ticles, and self-generated proppants of different sizes were ob-
tained through emulsification. Finally, the performances of the self-
generated proppant were evaluated. Through the evaluation
experiment, it was found the new self-generated proppant has
better migration ability than traditional solid proppants due to its
lower density and deformability of emulsion droplets, which have
better support for distal fractures and micro-fractures. This new
self-generated proppant can also be directly carried by the frac-
turing fluid to simplify the fracturing construction process and its
performance can meet the requirements in applications of reser-
voir fracturing.
2. Development of the self-generated proppant

2.1. Materials

Dimethyl sulfoxide, eugenol, 1-thioglycerol, 4-
dimethylaminopyridine (DMAP, catalyst), epichlorohydrin (ECH)
and sodium dodecyl benzene sulfonate (SDBS), which were obtained
from Sinopharm Group Chemical Reagent Co., Ltd, (Shanghai, China),
were used for synthesis of low-density and low-viscosity epoxy resin.
Hydrophilic SiO2 nanoparticleswith a particle sizeof 50nm(Zhongke
Yanuo New Material Technology Co., Ltd., Beijing, China) and SDBS
were used as emulsifiers. Elastic rubber, graphite and silica particles
with an average size of 40 mm (Zhongke Yanuo New Material Tech-
nology Co., Ltd., Beijing, China)were used for toughening resins. Guar
gum fracturing fluid (0.65% hydroxypropyl guar and 0.7% coumarin),
quartz sand proppant and ceramsite proppant from Shengli Oilfield
(Shandong, China) were used for evaluation of self-generated
proppants.
2.2. Synthesis of the low-density and low-viscosity epoxy resin

Eugenol and 1-thioglycerol with a mole ratio of 1:1 and DMAP
with a concentration of 2 wt%were dissolved in dimethyl sulfoxide,
and stirred at 75 �C for 2 h until a light-yellow product was
generated. Subsequently, the product reacted with ECH by adding
an 10% sodium hydroxide ethanol solution and stirring the solution
for 4 h at 95 �C (Fig. 1). Finally, the product was purified with an
aqueous solution of sodium hydroxide to obtain the low-viscosity
and low-density epoxy resin (Wan et al., 2012; Grishchuk and
Karger-Kocsis, 2011; Jin et al., 2015). The obtained epoxy resin is
colorless (Fig. 2), and the epoxy resin based on renewable eugenol
was first applied as proppant material.



Fig. 2. Morphology of the low-density and low-viscosity epoxy resin.
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2.3. Toughening of the low-density and low-viscosity epoxy resin

In order to resolve the poor toughness and notch sensitivity of
epoxy resin, the generated low-density and low-viscosity epoxy
resin was toughened with various materials. First, the optimum
toughening material was determined (Ren, 2011), then the opti-
mum concentration was determined and the resin toughening
mechanism was analyzed.

2.3.1. Optimization of toughening materials
First, elastic rubber particles, graphite particles, and silica par-

ticles were respectively added to three groups of the generated
resin, and the particle concentration was 4 wt%. Then, the resin
viscosity was reduced by adding anhydrous ethanol as diluent, and
stirred for 30 min at 300 rpm to mix the resin and toughening
particles evenly. In this study, adduct of diethylene triamine and
butyl glycidyl was used as curing agent. When the mass ratio of
resin to curing agent is 4:1, the resin can be fully cured in a wet
environment above 60 �C within 40 min. Finally, the compressive
strength of the cured resin was tested in a triaxial compression
device and the toughening effects were analyzed through SEM
observation of particle morphologies.

The compressive strength of the cured epoxy resins toughened
with elastic rubber particles, graphite particles and silica particles
are shown in Fig. 3.

The compressive strength of the resin was improved after add-
ing the elastic and rigid materials. Rigid particles toughened the
epoxy resin better than elastic particles. The compressive strength
of the resin toughened with elastic rubber increased from 50.8 to
60.3 MPa; and for the resins toughened with graphite particles and
silica particles their compressive strength values increased to 72.1
and 73.5 MPa, respectively. The displacement of the resins tough-
ened with graphite and silica particles under compressionwas 0.55
and 0.21 mm, respectively. The resin toughened with graphite had
better toughness while its compressive strength was close to that of
the resin toughened with silica particles (Kang et al., 2001). This is
because graphite particles, which have a more spherical surface
than silica particles (Fig. 4), can reduce particle agglomeration and
are distributed more uniformly (Zhou et al., 2005). It can be judged
the poor toughness and notch sensitivity of epoxy resin can be
mitigated by adding graphite particles as the toughening material.
Adding graphite particles to proppants, which support the fracture
under high closure pressure, prevents blocking of tiny fractures
caused by proppant crushing. Therefore, graphite particles were
2242
selected as the toughening material for the resin in this study.

2.3.2. Optimization of the amount of the toughening material
Graphite particles with the concentration from 1 wt% to 7 wt%

were added to the resin, and the compressive strength of the cured
resin was evaluated. Through SEM observation of the end face of
the crushed cured resin, the toughening mechanism of particle
materials and the effects of various material concentrations were
obtained. The compressive strength of the low-viscosity and low-
density epoxy resin toughened with graphite particles of different
concentrations is shown in Fig. 5.

When the graphite particle concentration was less than 5 wt%,
the compressive strength of the toughened resin increased with an
increase in particle concentration. When the graphite particle
concentration increased from 0 to 5 wt%, the compressive strength
of the toughened resin increased from 50.8 to 74.0 MPa. Never-
theless, as the graphite particle concentration continued to in-
crease, the compressive strength of the toughened resin decreased.
When the concentration of graphite particle increased to 7 wt%, the
compressive strength of the toughened resin reduced to 70.3 MPa
due to excessive particle accumulation. According to Fig. 6, low-
concentration graphite particles are distributed uniformly within
the resin. Thus, graphite particles can restrict resin deformation by
mitigating the movement of the adjacent resin matrix (Jiang et al.,
2018). An increase in graphite particle concentration causes
agglomeration and small cavities within the resin due to poor
wettability of graphite and epoxy resin and the irregular
morphology of graphite particles (Guo L., et al., 2012). Thus, the
concentration of graphite particles in toughening the low-viscosity
and low-density epoxy resin should be less than 5 wt%, and the
optimum value is 3 wt% in this study.

2.3.3. Mechanism of toughening low-viscosity and low-density
resin

According to the micromorphology of the end surface of cured
low-viscosity and low-density epoxy resin (Fig. 7), the resin is
toughened by graphite particles through various mechanisms. First
is the micro-crack mechanism (Fig. 7a). Based on this theory, the
main crack is generated during fracture propagation, and secondary
cracks are generated when encountering rigid particles (Chen and
Chang, 2001). New secondary cracks need to absorb more energy
to expand, and this process effectively consumes the energy on the
main crack and enhances the compressive strength of the resin
material (Francis et al., 2006). Second is the crazing-nail anchor
mechanism (Fig. 7b). This mechanismmeans that rigid particles are
embedded on the fracture surface in the epoxy resin matrix, which
prevents crazing extension caused by stress (Keller et al., 2017). At
the same time, due to the formation of cavities after the toughening
particles fall off, the energy consumed by deformation of the cav-
ities is much higher than that consumed by matrix deformation,
thereby enhancing the material strength.

2.4. Development of the self-generated proppant

The toughened low-density and low-viscosity epoxy resin and
curing system are emulsified to form stable droplets dispersed in
the fracturing fluid, and the particles are formed after droplets are
solidified and support the fractures effectively.

2.4.1. Optimization of emulsifiers
With toughened epoxy resin, self-generated proppants are ob-

tained through emulsification. In this study, SDBS (anionic surfac-
tant) and hydrophilic SiO2 nanoparticles at a concentration of 1 wt%
were chosen as emulsifiers. The emulsificationwas carried out with
the oil-water ratio of 1:5 by adding ethanol as diluent and stirring it



Fig. 3. Compressive strength of pure resin (a) and resins toughened with graphite particles (b), elastic rubber particles (c) and silica particles (d), respectively.

Fig. 4. Morphology of graphite particles (a) and silicon particles (b).
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for 20min at 300 rpm. The generated emulsionwas kept static until
the resin was cured. The morphology and microscopic surface of
2243
the solidified proppants were observed through SEM to determine
the optimum emulsifier, as shown in Figs. 8 and 9.



Fig. 5. Compressive strength of the low-viscosity and low-density epoxy resin
toughened with graphite particles of different concentrations.
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According to Figs. 8 and 9, proppants generated with SiO2

nanoparticles as emulsifier had a relatively regular structure and
larger size. The proppants generated with SDBS as emulsifier had a
smaller size and poor regularity, and the particles adhered together.
This is because adsorption of the active emulsifier at the oil-water
interface is reversible, and a stable emulsion is formed through
dynamic equilibrium of adsorption and desorption. The equilib-
rium is destroyed during curing of the resin due to the rising vis-
cosity of the resin and this leads to irregular shapes of proppant
particles (Ritzenthaler et al., 2002). Compared with the active
Fig. 6. Structures of resins toughened with graphite partic

Fig. 7. Toughening mechanis

2244
emulsifier, SiO2 nanoparticles act as a mechanical barrier through
irreversible adsorption at the oil-water interface. The barrier can
prevent emulsion droplets from coalescing during the curing pro-
cess (Haaj et al., 2014). Thus, the solid particles, SiO2 nanoparticles,
were selected as the emulsifier to generate the epoxy resin
emulsion.
2.4.2. Optimization of emulsifier concentration
With the optimized emulsifier, the emulsification experiment

was carried out with emulsifier concentration of 0.3 wt%, 0.5 wt%,
0.7 wt%, and 1 wt%, respectively. The emulsion was solidified to
generate the proppants which were filtered with screens and
weighed to determine particle size distribution.

When the concentration of SiO2 nanoparticle is 0.5 wt%, the
proppants with sizes >2.9 mm (7 mesh), 1.7e2.8 mm (7/12 mesh),
0.85e1.4 mm (14/20 mesh), 0.6e0.710 mm (25/30 mesh),
0.25e0.5 mm (35/60 mesh) and <0.18 mm (80 mesh) were
generated. The size of the obtained proppant can meet the re-
quirements of propping fractures in the near-wellbore area, major
fractures and branched fractures at the same time. The size distri-
bution of proppants changes with emulsifier concentration, and the
size distribution of proppants obtained by SiO2 nanoparticles of
different concentrations were analyzed, as shown in Fig. 10.

The average size of the generated proppants decreases with an
increase in emulsifier concentration. For example, when the con-
centration of SiO2 nanoparticles is 0.3 wt%, the 7/12 mesh
les of different concentrations: (a) 5 wt%; (b) 7 wt%.

m of graphite particles.



Fig. 8. Structures of proppant particles formed by different emulsifiers: (a) SiO2 nanoparticles; (b) SDBS.

Fig. 9. Microscopic surface of proppant particles formed by different emulsifiers: (a) SiO2 nanoparticles; (b) SDBS.

Fig. 10. Size distribution of proppants obtained by SiO2 nanoparticles of different
concentrations.
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proppants have the largest proportion in the generated proppants;
when the emulsifier concentration rises to 0.7 wt%, the 35/60 mesh
proppants have the largest proportion; when the emulsifier
2245
concentration is 1 wt%, the proppants with the size <80 mesh have
the largest proportion. In actual application, proppants with
different size ratios can be obtained by changing the emulsifier
concentration according to field requirements.
2.4.3. Optimization of oil-water ratio
The emulsifier concentration of 0.5 wt% was selected, and the

oil-water ratio was optimized by evaluating emulsion stability with
degree of creaming. The stability of the emulsion-phase self-
generated proppant was evaluated at 800 rpm. The centrifugal
force generated by this speed is much higher than that during the
preparation and injection process of the on-site fracturing fluid
(Guo T., et al., 2012). Then emulsions with oil-water ratios of 1:4,
1:5, 1:6 and 1:7 were prepared, respectively, and the obtained
emulsions were centrifuged at 800 rpm for 20 min using a high-
speed centrifuge. The oil-water ratio is optimized by evaluating
the degree of creaming and the particle size distribution of cured
proppants (Zhao et al., 2021). The experimental results are shown
in Figs. 11e13 and Table 1.



Fig. 12. Particle size distribution of proppants obtained by oil-water ratio of 1:5 before
and after centrifugation.
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D¼Voil
Vt

� 100% (1)

where D is the degree of creaming; Voil is the volume of the sepa-
rated oil phase, mL; Vt is the total volume of the emulsion, mL.

Evaluation results show the volume of the oil phase separated
after centrifugation are 31.1%, 19.6%, 9.3%, and 6.8% of the total oil
phase volume for the emulsions with oil-water ratios of 1:4, 1:5,
1:6, and 1:7, respectively. When the oil-water ratio drops below
1:6, the volume fraction of the separated oil phase in the total oil
phase drops below 10%, indicating that the emulsion formed with
silica nanoparticles as an emulsifier has good stability. Emulsion
stability increases with decreasing oil-water ratio because droplets
are more likely to coalesce due to contact during high-speed
centrifugation when the droplet concentration increase. As can be
seen from the evaluation results, the mass percentage of large-
particle-size proppants in the obtained proppants increases with
an increase in oil-water ratio. When the oil-water ratio is reduced
to 1:6, the size distribution of cured proppant particles obtained
after centrifugation is close to proppants without centrifugation.
This shows that the obtained self-generated proppant has better
stability, and the proppant particle size has good uniformity after
injection into the reservoir. Therefore, the oil-water ratio of the
prepared emulsion is set to 1:6.
Fig. 13. Particle size distribution of proppants obtained by different oil-water ratios.

Table 1
Degree of creaming of emulsions with different oil-water ratios.
3. Evaluation of the low-viscosity and low-density epoxy
resin and the self-generated proppant

3.1. Evaluation of the low-viscosity and low-density epoxy resin

3.1.1. Viscosity and density
The viscosity of the obtained epoxy resin was evaluated at 20,

40, 60, and 80 �C with an Anton Paar rheometer at a shear rate of 30
s�1. Then, density was obtained bymeasuring themass of the epoxy
resin per unit volume.
Oil to water ratio Volume fraction of oil phase, % Degree of creaming, %

1:4 16.7 5.2
1:5 13.8 2.7
1:6 11.8 1.1
1:7 10.3 0.7
3.1.2. Calculation of epoxy value
Epoxy value is the amount of epoxy groups in 100 g epoxy resin.

The epoxy value of the obtained epoxy resin was determined with
the hydrochloric acid-acetone method (Gaina and Gaina, 2009):

E¼ðV0 � VÞC
10m

(2)

where V is the volume of NaOH solution consumed by the sample,
mL; V0 is the volume of NaOH solution consumed by the blank
sample, mL; C is the NaOH concentration, mol/L; m is the sample
mass, g.
Fig. 11. Results of entrifugation experiments of emulsions with oil-w
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3.2. Evaluation of the self-generated proppant

For self-generated proppants based on modified low-viscosity
and low-density epoxy resin, the settlement and migration of the
emulsion and permeability of the proppant pack were evaluated,
respectively, to determine its performance and applicable reservoir
ater ratios of 1:4 (a), 1:5 (b), 1:6 (c) and 1:7 (d), respectively.
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(Rui et al., 2018).

3.2.1. Migration capability
The proppant migration experiment was carried out in the vi-

sual proppant sedimentation and transportation device (Fig. 14)
with guar gum fracturing fluid as the sand carrier. The migration
capability of the self-generated proppants and quartz sand prop-
pants of the same size in fracturing fluids of various viscosities were
evaluated and compared. The experimental scheme is shown in
Table 2.

3.2.2. Simulation of proppant migration
COMSOL Version 5.5 was used to establish a model for simula-

tion of proppant migration to evaluate the migration capability of
the self-generated proppant within a real fracture. The fluid carries
the model's emulsion droplets of different sizes, and momentum
exchange occurs between the droplets and the fluid. Thus, the
droplets have a certain flow rate. The droplets also have a down-
ward acceleration under the action of gravity and viscous resis-
tance. The droplets of various sizes are subject to different gravity
and viscous resistance, leading to different states of sedimentation
and horizontal migration (Li et al., 2016).

(1) Assumptions

For the dispersed phase, only the effects of gravity and viscous
forces were considered. Furthermore, the model at a constant
temperature does not involve energy exchange: particle sedimen-
tation follows the Navier-Stokes law (Hu et al., 2018).

(2) Governing equations

The motion equation of the dispersed phase can be expressed as
(Rao et al., 2002):

v4

vt
þ V,ð4vÞ ¼ �V,Js

rs
(3)

where 4 is the volume fraction of the emulsion droplet, %; v is the
suspension velocity, m/s; Js is the particle flux; rs is the emulsion
droplet density, kg/m3.

Navier-Stokes equations are expressed as (Adnan et al., 2021):

JS
rS

¼ �
h
4D4Vð _g4Þ þ 42 _gDhVðln mÞ

i
þ fhvst4 (4)

where _g is the shear rate tensor, s�1; m is the dynamic viscosity, mPa
s; fh is the settlement resistance, N; vst is the settling velocity of a
single particle surrounded by a fluid, m/s; D4 and Dh are empirical
fitting parameters and can be calculated by Eqs. (5) and (6):
Fig. 14. Visual proppant sedimentation and transportation device.
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D4¼ 0:41a2 (5)

Dh¼0:62a2 (6)

where a is the radius of particles, m.
The shear rate tensor and the particle settling velocity are

related to the velocity field. Therefore, the motion equation of the
dispersed phase and Navier-Stokes equations are coupled through
the velocity field.

(3) Initial and boundary conditions

The model boundary follows Dirichlet conditions. Left and right
boundaries are the inlet and the outlet. For other boundaries, there
are no inflow or outflow for fluids and particles. The entire model is
filled with a continuous phase which flows at inlet flow rate. The
dispersed phase is carried by the fluid from the inlet and flows out
from the outlet. The initial value of the velocity field is 0. The key
boundary conditions are marked in Fig. 15.

(4) Simulation meshes and computation time settings

Meshing uses a triangular level refinement mesh. The mesh
number is 28,620, the mesh vertices are 14,737, the edge elements
are 852, and the mesh area is 7,200,000 mm2. The time step for the
computation settings is 0.1 s, and the calculation time is 20 s.

(5) Simulation parameters

The specific parameters for simulation of migration capability of
the self-generated proppants of five sizes are listed in Table 3.
3.2.3. Permeability of solidified proppant packs
The pack permeability of 40/70 mesh self-generated proppant,

ceramsite proppant, and quartz sand proppant under closure stress
were evaluated using a high-temperature hydraulic fracturing and
seepage simulation device (Fig. 16). Proppant morphology was
observed. The device can be operated under a confining pressure of
up to 60 MPa. The test process is as follows:

(1) Place different types of proppants in a single layer in the core
to form proppant-filled fracture (Fig. 17);

(2) Hold the core in the core holder and place it in the high-
temperature seepage simulation device;

(3) Measure the permeability of proppant-filled fracture under
closure stress of 5e50 MPa and at 40, 60, and 90 �C.
4. Results and discussion

4.1. Physical properties of low-viscosity and low-density epoxy
resin

4.1.1. Viscosity and density
The density and viscosity of the obtained epoxy resin are shown

in Table 4.
The viscosity of the epoxy resin generated in this study is

4620 mPa s at 20 �C, much lower than the bisphenol A epoxy resin
(11,000 mPa s). Viscosity of epoxy resin is very sensitive to tem-
perature. When the temperature rises above 60 �C, its viscosity
drops to 686 mPa s. The density of the obtained epoxy resin re-
mains constant at 1.2 g/cm3, lower than the conventional epoxy
resins (1.6e2.3 g/cm3) and the traditional solid proppants (quartz
sand: 2.2e2.3 g/cm3, ceramsite: 1.7e1.9 g/cm3). This is because the



Table 2
Experimental scheme of migration and settlement experiments.

No. Proppant types Injection rate, m3/h Proppant concentration, % Fluid viscosity, mPa s

1 Quartz sand 5.4 10 1
Self-generated proppant

2 Quartz sand 5.4 10 15
Self-generated proppant

3 Quartz sand 5.4 10 25
Self-generated proppant

Fig. 15. Schematic diagram of key boundary conditions.

Table 3
Simulation parameters.

Parameter name Numerical value

Inlet flow rate, m/s 0.1
Frac fluid density, kg/m3 1
Self-generated proppant density, kg/m3 1.2
Frac fluid viscosity, mPa s 1
Mass fraction of particles, % 14.3
Volume fraction of particles, % 12.2
Type of proppant particle size, mm 0.18e2.9

Fig. 16. High-temperature hydraulic fracturing and seepage simulation device.

Fig. 17. Samples of self-generated proppants (a), ceramsite (b) and quartz sand (c).

Table 4
Viscosity and density of the epoxy resin generated at different temperatures.

No. Temperature, �C Viscosity, mPa s Density, g/cm3

1 20 4620 1.2
2 40 1625 1.2
3 60 686 1.2
4 80 428 1.2
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molecular structure of the obtained epoxy resin has branched
chains. The branched chains change the state of molecular chains
stacking, decreasing the density and viscosity of the epoxy resin
(Groenzin et al., 1999). The emulsion is easily generated due to the
2248
low viscosity of the resin. Epoxy resin with low density is sus-
pended easily and has good migration ability in the frac fluid.

4.1.2. Epoxy value
The epoxy value of the low-viscosity and low-density epoxy

resin is calculated to be 0.53 g/Eq, a high epoxy value. Therefore,
less curing agent is required during the curing process, with lower
application costs. High epoxy value also indicates that the cured
resin has a higher hardness (Park et al., 2005).

4.2. Proppant settlement and migration

4.2.1. Experimental results
The results of the proppant migration experiments are shown in

Figs. 18 and 19. Self-generated proppants have good migration
capability compared with quartz sand proppants. There is difficulty
in carrying quartz sand proppant with low viscosity fracturing
fluid. When the fracturing fluid viscosity was 1 mPa s, the quartz
sand proppants almost completely settled in the near-wellbore
area and the front end of the main fracture. Self-generated prop-
pants with particle size of 1.7e2.9 mm (>7 mesh and 7/12 mesh)
settled rapidly in the near-wellbore area, and the 0.6e1.4 mm (14/
20 mesh, 25/30 mesh and 35/60 mesh) self-generated proppants
settled to prop the major fracture. Self-generated proppants with
sizes <0.5 mm (<60 mesh) did not settle, indicating they can be
carried by the low-viscosity fracturing fluid. Small proppant par-
ticles can prop far-end fractures and branched fractures. Rapid
settlement of the larger proppants can prevent tiny cracks from
plugging. When the fracturing fluid viscosity increased to 15 and
25 mPa s, the migration capability of quartz sand proppants was
improved. Nevertheless, many quartz sand proppants still settled
within themajor fracture and cannot be carried to far end fractures.
When the fracturing fluid viscosity was 15mPa s, the self-generated
proppant that settled in the near-wellbore area was reduced
significantly and the proppants with sizes >7 mesh, 7/12 mesh and
14/20mesh can be carried to far-end fractures. When the fracturing
fluid viscosity increased to 25 mPa s, self-generated proppants did
not settle significantly. That means the placement of self-generated
proppants can be adjusted by controlling the fracturing fluid
viscosity.

4.2.2. Simulation results
Experimental results in Fig. 18 are compared with the simula-

tion results in Fig. 20. Simulation results are consistent with
experimental results, proving the model has good accuracy. Since



Fig. 18. Migration and settlement experiment results of self-generated proppants: (a) experimental picture, (b) height of the deposited sand bank.

Fig. 19. Migration and settlement experiment results of quartz sand proppants: (a) experimental picture, (b) height of the deposited sand bank.

Fig. 20. Settlement and migration morphology of self-generated proppants with sizes
of 0.18e2.9 mm in carrier fluids of different viscosities. (a) 1 mPa s, (b)15 mPa s, (c)
25 mPa s.

Fig. 21. Settlement and migration morphology of proppants with different sizes in
fractures close to real size and in sand carriers of different viscosities. (a) 1 mPa s; (b)
15 mPa s; (c) 25 mPa s.
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the initial flow rate of the proppant and fracturing fluid at the inlet
of the experimental device differs from the uniform inflow in
simulation, the proppants hardly settled at the inlet, leading to the
differences in its sedimentation morphology.

The model was expanded to simulate migration and settlement
of proppants within fractures close to real size. Finally, a 10 m long
2249
fracture model was established to simulate settlement and migra-
tion of proppants of different sizes in a sand carrier of various
viscosities.

Simulation results are shown in Fig. 21. Colors correspond to
proppants with different particle sizes. When the color is full of
fractures, it means the type of proppant particle size represented by



Fig. 22. Proppant pack permeability under different closure stresses.

Fig. 23. Pack permeability of self-generated proppants at different temperatures.
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this color is effectively carried.When the color corresponding to the
proppant appears on a downward slope, it indicates it has begun to
Fig. 24. Morphology of three types of proppants. (a) Cera
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settle. When the fracturing fluid viscosity is 1 mPa s, proppants
with sizes of 1.7e2.9 mm settle near the wellbore, proppants with
sizes of 0.6e1.4 mm are placed within the major fracture, and
proppants with sizes of <0.5 mm can be carried to the far-end
fracture and branched fracture. With an increase in sand carrier
viscosity, the migration capability of proppants is improved
significantly. When the sand carrier viscosity increases to 15 mPa s,
proppants with sizes of 1.7e2.9 mm can be carried to the major
fracture, and proppants with sizes of 0.6e1.4mm canmigrate to the
far-end fracture and branched fracture. When the sand carrier
viscosity increases to 25 mPa s, proppants with sizes of 1.7e2.9 mm
can be placed uniformly in the near-wellbore zone and the major
fracture, and proppants of other sizes do not settle significantly.

Self-generated proppants can be effectively carried by low-
viscosity sand carrier and placed in stages. The proppant has
good migration capability which changes, obviously, with sand
carrier viscosity. In actual application, the sand carrier viscosity can
be optimized according to the required placement position.
4.3. Pack permeability of solidified proppants

The pack permeability of three types of proppants under
different closure stresses and at different temperatures are shown
in Figs. 22 and 23.

Since the self-generated proppant has regular morphology
(Fig. 24), its pack permeability is higher than quartz sand proppant,
and close to the ceramsite proppant. As the closure stress increases,
the accumulation morphology of quartz sand changes due to its
irregular grain morphology, resulting in a significant decrease in
permeability. When the closure stress increased to 35 MPa, the
pack permeability of quartz sand decreased by 68%. This is due to
proppant breaking under high closure stress. When the closure
stress was 50 MPa, self-generated proppants and ceramsite prop-
pants still maintained effective permeability. As the ambient tem-
perature rose to 90 �C, the performance of the self-generated
proppants can be maintained (Liu et al., 2020). This shows the
self-generated proppant has good physical properties. It has regular
msite; (b) quartz sand; (c) self-generated proppants.
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morphology and good temperature resistance, and its compressive
strength is similar to that of the ceramsite proppant. These prop-
erties reflect the formation of efficient diversion channels after self-
generated proppants are placed, and the generated proppants are
applicable in reservoirs at high temperature and under high closure
stress.

5. Conclusions

In this study, considering the unsatisfactorymigration capability
and placement effects of conventional solid proppants, a new type
of self-generated proppants was developed by synthesizing and
toughening a novel low-viscosity and low-density epoxy resin, and
emulsifying the resin and its curing agent. The development and
evaluation results for this novel self-generated proppant are as
follows:

(1) Low-viscosity and low-density epoxy resin was obtained
when the product of thiol-ene click chemical reaction of
eugenol and 1-thioglycerol reacts with the epichlorohydrin.
The obtained epoxy resin, which had a viscosity of 686 mPa s
and a density of 1.2 g/cm3 at 60 �C, and an epoxy value of
0.53 g/Eq, can meet proppant performance requirements.

(2) The resin was toughened by adding graphite particles. When
the graphite particle concentration was 3 wt%, the
compressive strength of the resin increased from 50.8 to
72.1 MPa, and its toughness was also improved significantly.
Analysis shows the mechanism of toughening the resin by
graphite particles mainly includes the micro-cracking
mechanism and crazing-nail anchor mechanism.

(3) Hydrophilic SiO2 nanoparticles was selected as the emulsifier
in this study. The emulsificationwas carried out with the oil-
water ratio of 1:6 by adding ethanol as diluent and stirring
the solution at 300 rpm. Sizes of the obtained self-generated
proppants include >2.9 mm (7 mesh), 1.7e2.8 mm (7/12
mesh), 0.85e1.4 mm (14/20 mesh), 0.6e0.710 mm (25/30
mesh), 0.25e0.5 mm (35/60 mesh) and <0.18 mm (80mesh).
The particles size distribution of the proppants can vary with
the concentration of the emulsifier.

(4) Self-generated proppants can be carried and transported by
low-viscosity fracturing fluid and meet proppant placement
requirements in different stages. Due to regular morphology,
compressive strength, and temperature resistance, the self-
generated proppants can form an effective percolation
channel in a reservoir at high temperature and under high
closure stress.
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